Background: All retroviruses, including human immunodeficiency virus (HIV), must integrate a DNA copy of their genomes into the genome of the infected host cell to replicate. Although integrated retroviral DNA, known as a provirus, can be found at many sites in the host genome, integration is not random. The adaption of linker-mediated PCR (LM-PCR) protocols for high-throughput integration site mapping, using randomly-sheared genomic DNA and Illumina paired-end sequencing, has dramatically increased the number of mapped integration sites. Analysis of samples from human donors has shown that there is clonal expansion of HIV infected cells and that clonal expansion makes an important contribution to HIV persistence. However, analysis of HIV integration sites in samples taken from patients requires extensive PCR amplification and high-throughput sequencing, which makes the methodology prone to certain specific artifacts. Results: To address the problems with artifacts, we use a comprehensive approach involving experimental procedures linked to a bioinformatics analysis pipeline. Using this combined approach, we are able to reduce the number of PCR/ sequencing artifacts that arise and identify the ones that remain. Our streamlined workflow combines random cleavage of the DNA in the samples, end repair, and linker ligation in a single step. We provide guidance on primer and linker design that reduces some of the common artifacts. We also discuss how to identify and remove some of the common artifacts, including the products of PCR mispriming and PCR recombination, that have appeared in some published studies. Our improved bioinformatics pipeline rapidly parses the sequencing data and identifies bona fide integration sites in clonally expanded cells, producing an Excel-formatted report that can be used for additional data processing.
Background
Integration of a DNA copy of the viral genome into the host genome, forming a provirus, is an essential step in the replication of all retroviruses. However, the overall distribution of integration sites differs for different types of retroviruses. For example, primate lentiviruses, including HIV-1, preferentially integrate into the bodies of expressed genes in gene-dense regions [1] . This distribution is a consequence of interactions of the integration machinery with specific cellular factors, including CPSF6 and p75 LEDGF [2, 3] . By contrast, the integration machinery of murine leukemia virus (MLV) interacts with a different set of host factors, including the BET proteins [4] [5] [6] , and MLV proviruses preferentially integrate near active enhancers [7] [8] [9] . Integration in specific regions in or near oncogenes can lead to clonal expansion of the infected cells, and, in some cases, to the development of tumors [10] . Analysis of integration sites has been used to track the clonal expansion of HTLV and HIV infected cells in patients [11] [12] [13] , and to follow the behavior of cells that have been modified by retroviral vectors in gene therapy patients [14] [15] [16] [17] [18] [19] .
In HIV infected people, the majority of infected cells are CD4+ T cells. Some of the infected T cells proliferate and grow into clones of infected cells that can persist for more than 10 years during effective anti-retroviral therapy (ART) [12, 13] . Current ART effectively blocks viral replication but does not eliminate persistently infected cells. In patients on long-term ART, most of the infected cells carry defective proviruses [20] . Despite contradictory claims in the literature [21] , it is now clear that clonally expanded cells can carry an intact infectious provirus and can release low levels of infectious virus into the blood [22] . It appears that the majority of the proviruses in clones of expanded cells are transcriptionally silent [23] explaining how some infected cells can survive and expand into clones. However, at least some of the dormant proviruses in the cells that make up these clones can be activated to express infectious virus. This reactivation leads to a rapid rekindling of the infection if ART is interrupted [24, 25] .
All of the descendants of an infected cell will inherit a copy of a provirus integrated at exactly the same specific site in the host genome as in the parental cell. In samples obtained from patients, integration sites can be used to track clonal expansion and persistence of infected cells and integration site data can be used to identify proviruses that affect the growth and survival of the infected cells. Linker-mediated PCR (LM-PCR) has been widely used for integration site analysis [1, 8, 11] . A DNA linker is ligated onto the ends of the fragmented DNA followed by selective PCR amplification of host/virus DNA junctions using primers specific for viral DNA and for the ligated linker. In the initial versions of the protocol, used by the Bushman lab [1] and the Burgess lab [8] , genomic DNA containing integrated proviruses was fragmented by digestion with various restriction enzymes. A double stranded DNA-linker was ligated to the resulting DNA fragment and the amplified products were analyzed by Sanger sequencing [1, 8] . The non-uniform distribution of restriction sites in the host genome meant that some integration sites were preferentially amplified and sequenced and some integration sites were missed if there were no suitable restriction sites nearby. Sanger sequencing also limited the number of integration sites that could be analyzed. Fragmenting the host DNA using sonication instead of restriction enzyme digestion and replacing Sanger sequencing with deep sequencing methods (initially 454, more recently Illumina) made it possible to identify many more integration sites. The Bangham lab improved integration site analysis using randomly sheared DNA and paired-end Illumina sequencing [11] , making it possible to detect the presence of multiple copies of the same integration site that originated from the clonal expansion of infected cells. Adding a single dA to the ends of the sheared DNA, coupled with the use of a linker with a corresponding one nucleotide dT overhang dramatically reduced unwanted non-specific linker-linker and genomic-genomic DNA ligation [11] . The protocol can be used to analyze the integration sites of all types of retroviruses. However, significant optimization is needed depending on the samples that are being analyzed. For example, in the analysis of samples from gene therapy patients treated with a retroviral vector, accurate quantitation of the sizes of the clones is usually desirable. However, for studies involving samples from HIV-infected patients, sensitivity and the elimination of artifacts are the major concerns.
In cultured cells, it is relatively easy to infect most or all of the cells with HIV, leading to abundant proviruses, and it is relatively easy to perform integration site analysis. We have identified millions of integration sites from cells infected in culture. However, in HIV infected individuals, only a small fraction of the CD4+ T cells, often less than one in a thousand, are infected. This scarcity of proviruses poses significant challenges for the method. To identify HIV integration sites in samples taken from patients, PCR amplification must be both efficient and highly specific. Even with the best of the available techniques, a large fraction of the DNA sequences that are obtained do not correspond to valid integration sites due to PCR mispriming, PCR recombination, and other artifacts (discussed below and in the Supplementary information). In some samples, the majority of the amplified DNA sequences are unwanted non-specific PCR products. Because vast amounts of data are obtained by deep sequencing methods, computer programs/algorithms must be used to identify valid integration sites and discard any unwanted sequences. Here we present improved and optimized methods for integration site analysis using linker-mediated PCR for library construction and a bioinformatics pipeline that parses the resulting Illumina sequencing data from HIV patient samples. The pipeline identifies and maps valid integration sites and is designed to recognize and eliminate common artifacts that arise when only a small fraction of the cells in the starting samples contain a provirus of interest. The pipeline can also be used to identify clonally expanded cells and to estimate the relative size of each clone.
Results
The protocol we describe here has been optimized to amplify the relatively rare HIV integration sites present in samples taken from patients. We present both a selective amplification protocol designed to reduce the artifacts commonly arising during linker-mediated PCR protocols that involve high levels of amplification and a matching bioinformatics pipeline designed to remove the residual artifacts. We have included an overview of an analysis of 3 clinical samples from HIV infected individuals that were done using the experimental procedures we describe and the bioinformatics pipeline. The samples were obtained from patients who were on longterm combination antiretroviral therapy.
Selective amplification of integration sites
Integration sites are amplified using a linker-mediated PCR protocol with modifications to improve the specificity of the amplification and reduce artifacts. The overall workflow used in construction of the integration site libraries is shown in Fig. 1 . We selectively amplify the host/provirus DNA junctions from both the 3′ and the 5′ LTRs. Simultaneous amplification of both the 3′ and 5′ LTR junctions increases the sensitivity of detection of valid integration sites and the confidence that the identified sites are valid. Libraries are generated from genomic DNA from HIV-infected cells using the NEBNext Ultra II FS DNA Library Prep Kit for Illumina with some modifications. The Ultra II FS Kit combines several of the initial DNA preparation steps including 1) DNA fragmentation, 2) end-repair, 3) linker-ligation into a single step. The kit replaces the original mechanical shearing of DNA with enzymatic shearing using a dsDNA fragmentase designed specifically to produce fragments that are appropriate for next generation sequencing. This enzymatic approach results in random fragmentation and avoids the use of an expensive Covaris instrument, which is needed if the fragments are produced by acoustical shearing. The enzymatic approach can be performed in parallel with multiple samples. Enzymatic shearing helps to preserve limited amounts of DNA present in precious samples. The new protocol uses only 1 μg of the DNA input comparing to 3 μg in our previous protocol in which acoustical shearing was used. The protocol can be performed with little as 50 ng of input DNA. We use an accurate digital droplet PCR (ddPCR) protocol to determine the number of HIV proviruses that are present in the samples. The procedures we use do not recover all of the integration sites that are present in the sample. The shearing procedure and the manipulation of the samples leads to a loss of some of the starting DNA and the PCR amplification of the fragments that contain the host virus DNA junctions is not 100%. We usually recover 5-15% of the integration sites that were present in the input DNA. We recently modified our procedure to introduce a unique molecular identifier (UMI) sequence tag (8 or more random nucleotides) in the single stranded portion of the partially double stranded T-linker ( Fig. 1 ). After linker ligation, each of the randomly sheared DNA fragments that contains an integration site will carry a UMI, which is amplified and sequenced with the integration site. The UMI helps to solve one of the limitations of using sheared ends to distinguish independent DNA molecules with the same integration site. When the number of expanded cells in a clone is large, a sample can contain hundreds of independent DNA molecules that have the same integration site. Because the fragments are only a few hundred nucleotides long, some will have the same or similar sheared ends. If, in such cases, only the unique sheared ends are counted, the number of different molecules with the same integration site is undercounted. In addition, amplification and sequencing errors can lead to the generation, from a single starting DNA fragment, of a family of reads with closely related breakpoints (which we refer to as "fuzz"). When this happens, UMIs can be used to show that identical integration sites are (or are not) derived from same or independent DNA molecules. However, as will be discussed in more detail below, there are also artifacts associated with the use of UMIs. Thus, to accurately count the number of molecules with the same integration site, the best approach is to use breakpoints in combination with UMIs.
T-linker-UMI and the PCR primers T-linker-UMI
The structure of the T-Linker-UMI, which is ligated to the ends of the sheared DNA, is shown in Fig. 1 , and its sequence is given in Fig. 2 . The shorter strand is an oligonucleotide with the 5′ end phosphorylated (to enable efficient linker ligation) and the 3′ end modified with hexanediol, a six-carbon glycol, which blocks extension of the short strand by DNA polymerase. The longer strand includes a 3′-T overhang, a sequence complimentary to the corresponding short strand, a UMI that is 8nucleotides-long or longer, and the Illumina PE2 SP adapter sequence. The UMI portion of the linker is synthesized using a mixture of equal amounts of dA, dT, dC and dG (shown as Ns) at each position to create diverse sequences (Figs. 1 and 2).
First PCR primer
The first PCR reaction is initiated using primers that are designed to match sequences near the ends of each LTR. The primers are typically around 20-25 nucleotides long. Because there is considerable variation in the sequence of the HIV proviruses in patients, we usually determine the sequences of the ends of the LTRs for the proviruses in each patient and prepare specific primers to match the proviruses present, which usually improve the recovery of the integration sites. A "generic" primer matching conserved regions can be used in the PCR amplification from patient samples. Because the U3 region of the HIV LTR is more conserved than the U5 region, in most cases a U3 "generic" primer will perform better than the U5 "generic" primer with clinical samples. To prepare patient specific primers, we determine the sequence of the LTRs of the proviruses in the patient. To avoid unwanted amplification of host DNA, the first primer that will amplify from the T-linker matches the single-stranded portion of the 5′ end of the long strand ( Fig. 2) . Thus, the first T-linker primer has no target to which it can anneal until a DNA strand has been synthesized, starting from the viral primer, that includes a copy of the single stranded portion of the adaptor. The 3′ C6 modification of the short strand of the linker prevents its extension by the DNA polymerase, which helps prevent the generation of false products from the linker primer. In the most recent version of the protocol, we usually use 1 μg amounts of DNA in the amplification reactions. This is equivalent to the amount of DNA in about 165,000 cells. Because the number of proviruses in patient samples is low, 1 μg may not yield (See figure on previous page.) Fig. 1 Overview of the linker-mediated amplification of HIV integration sites and the bioinformatic pipeline used to distinguish real integration sites from artifacts. A schematic drawing of an integrated HIV provirus is shown at the top of the figure. As described in the text, and in the Supplementary material, the host DNA is fragmented, the ends are made blunt, and a single dA is added to the 3′ ends of the fragmented host DNA. The T-linker is composed of a long and a short oligonucleotide. The 3′ end of the short oligonucleotide is blocked (marked by an asterisk, see text) to prevent it from being extended in the PCR steps (see Figs. 2 and 3 for the design and sequences of the linker and primers). The UMI, which is shown in yellow, is a random sequence that is used to help determine if two similar amplified segments do (or do not) originate from two different starting pieces of host DNA. In the example shown in the figure (middle of the drawing), next to T-linkers, there are two fragments that contain a host-virus DNA junction that come from a clone of expanded cells. The two fragments have exactly the same integration site, but there are different breakpoints in the host DNA. As described in the text, the PCR reaction must be initiated from the LTR primer because the segment that the first T-linker primer anneals to is not present in the short oligonucleotide of the T-linker. The bottom of the drawing shows a schematic diagram of the amplified DNA and the location of the Illumina Read 1 and Read 2 primers. The Illumina data are processed, using the pipeline, as indicated in the diagram, and the output is saved as an Excel file (the screen shot shows a small portion of an output file) the desired number of integration sites. If more integration sites are needed, multiple reactions are run in parallel.
Nested PCR
Although the first round of PCR amplification is designed to selectively amplify the LTR/host DNA junctions, single round amplification does not generate enough desired products for Illumina sequencing. Nested PCR is used to increase the yield of LTR/host junction products. Nested PCR primers match sequences inside (3′ of) the first round PCR primers and are used to increase both the yield and the specificity of the amplification. Illumina adaptors and an inline index (barcode) are added during the nested PCR step. Primers for the LTR end of the amplicon include an Illumina P5 grafting sequence, an 8-nucleotide i5 index, an Illumina PE1 SP adapter sequence, a 10-nucleotide UMI, an 8nucleotide inline index, and a 20-25 nucleotide LTR specific sequence ( Fig. 2) . Primers for the linker end are composed of an Illumina P7 grafting sequence, an 8nucleotide i7 index and Illumina PE2 SP sequence (Figs. 2 and 3). The i5 and i7 indexes are used by the sequencer for initial sorting during fastq file generation and inline indexes are used for secondary sorting during the de-multiplexing step in our pipeline.
Bioinformatic analysis
The Illumina sequencing data are analyzed using our custom pipeline, which is illustrated in the flowchart shown in Fig. 4 . The pipeline consists of several major steps: 1) Sample demultiplexing. 2) Pre-alignment trimming and filtering. 3) Genome alignment. 4) Postalignment filtering and removal of artifacts. 5) Annotation and report generation. 6) Re-analyzing unmappable reads. The pipeline is written in Perl and uses BLAT (a BLAST-like alignment tool) for genome alignment. It is very efficient and can be installed on a Mac (laptop or desktop) or on a Unix server. The execution times under various computational settings/OS for typical datasets are listed in Supplementary Table 1 . Most of our processing is done in Mac OSX using a Mac laptop with single thread processing. Each step is discussed below.
Sample demultiplexing
Illumina sequencing produces millions of reads for each run. Multiple samples, marked with different inline index sequences, can be sequenced in the same run, reducing the cost and increasing the number of samples that are analyzed. After the run, paired-end sequence reads are demultiplexed and assigned to each sample based on the Illumina sequencing index (these are the i5 and i7 indexes, which are not the same as the inline indexes, see Fig. 2 ). The demultiplexing can be done using Illumina software. During the demultiplexing process, we separate the reads that are derived from the 3'LTR junctions and the 5'LTR junctions based on the primer sequences, which are detected in read1. However, there are problems that are known to occur in multiplexsequencing, for example "index hopping" in which reads that belong to one sample are assigned to another. Misassignment can happen if there are sequencing errors in the inline index or contamination with a different inline index in the PCR step. As noted earlier, we have found that primers with different inline indexes can be crosscontaminated if they are ordered from a single supplier at the same time. We do not include multiple primers in the same order from a single supplier. Even though these events are relatively rare, they can cause problems in experiments in which the goal is to identify rare integration sites. Care must be taken to reduce the number of such events and identify them if they occur. Although we initially used only a single inline index, we recently switched to using two inline indexes. The inline indexes are included as part of both the read1 and read2 sequences. Our bioinformatics pipeline checks the sequences of the inline indexes. This protocol prevents mis-assignment of reads even if one of the outside Illumina indexes has a sequencing error. The sample names, indexes sequences, and related information are stored in a plain text settings file. The first script reads the settings file and scans the fastq files, in gzip format, that were generated by Illumina sequencer and demultiplexes the data into separate files for each sample.
Pre-alignment filtering and trimming
This step is very important for precise mapping of integration sites and breakpoints in the genome. It is used to remove the majority of the reads that do not correspond to integration sites.
Demultiplexed read1 and read2 sequences from each sample are processed in pairs. 3'LTR and 5'LTR junction sequences are processed separately because the LTR primer sequences are different. The LTR nested primers are designed to initiate DNA synthesis close to the end of the LTR but at least a few nucleotides away from the end so that mispriming events can be identified (see Discussion). For the read1 sequence, the script first looks for the sequence of the nested primer that matches the HIV LTR and checks for the expected sequence from the end of the primer to the end of the LTR (typically 5 or more nucleotides).
For read2 sequences, the script first looks for the sequence of the linker nested PCR primers, then extracts the UMI and splits the read2 sequence at the exact linker-breakpoint (T-A) ligation junction. This step makes it possible to precisely map the breakpoint in the host genome. If the amplified fragment is short (less than approximately 200 nucleotides), the read1 sequence will read through the LTR-genomic junction to the added linker on the other end of the DNA molecule (200 nucleotides is within the Illumina sequence read length). In such cases, the scripts trim the linker sequence off of read1 for mapping, increasing the mapping accuracy.
After trimming both read1 and read2 sequences, the script also filters out genomic sequences that are less than 20 nucleotides long because it is difficult to map short host sequences precisely. We then merge the sequences. Because the sequence reads are derived from DNA fragments that are generated by PCR, there usually are many copies of each PCR fragment, all of which were generated from a single starting template. We merge identical reads to reduce the computational time used in mapping. Reads are merged if both the LTR-genome junction and the linker-breakpoint junction match exactly (based on the sequence of the 20 nucleotides on each side of the junction) and the fragments have the same UMI. The pipeline also filters the data based on the quality score of the sequence. Because the two ends of the trimmed DNA sequence, i.e., the LTR-genome junction and the linker-breakpoint junction, are the most important for precise mapping, we only accept data for which the sequencing average quality score for the (See figure on previous page.) Fig. 3 PCR primers used in the amplification reaction, and their cognate substrates. We amplify both LTR/host junctions and the primers for both ends of the provirus are shown. Panel a. At the top is a drawing of the T-linker, and the first and second linker primers. The blocking group (NH3, C6) on the 3′ end of the short strand of the T-linker is shown, and the 5′ end of short strand is phosphorylated (P), to allow it to be ligated to the host DNA. The second linker primer is used to add the sequences needed for Illumina sequencing to one end of the amplified fragment. The first and second LTR primers used to amplify the 5′ LTR are shown in the drawing, with the linker primers used to amplify the host-virus DNA junction. The sequences needed for Illumina sequencing to the other end of the amplified fragments are added as part of the second LTR primer. Panel b shows the amplification of the 3′ LTR and the appended host sequences, together with the first and second LTR primers (see also first 20 nucleotides is greater than Q20 for both the trimmed read1 and read2 sequences. The script creates fasta files of the unique trimmed high-quality read1-read2 pairs. The fasta files are then used for genome alignment. In addition to the host genomic sequences adjacent to the LTRs, we also expect to amplify the internal viral sequences that are adjacent to the LTRs. The internal junction sequences are expected to comprise about 50% of the reads. These sequences can serve as an important control for how well the amplification process works. Ordinarily, the internal viral sequences are excluded from the genome alignment step to speed up the alignment process. However, they can be used for a number of purposes, including studies of the sequence variation of the proviruses in the patient. The internal sequences can also be used as standards to estimate the number of infected cells and for the detection of aberrant integration products.
Genome alignment
The trimmed high-quality read1 and read2 sequences are then mapped to the genome using the command line BLAT alignment tool. Human genome hg19 is used in the example dataset because it permits backward compatibility with our earlier studies of integration site distributions. However, hg38 or other genome assemblies can used. There are different settings for BLAT that can be used to balance the speed and sensitivity of the mapping. Our standard settings are -ooc = 11.ooc -minScore = 16 -step-Size = 8, which give reasonable sensitivity without sacrificing speed. The program is efficient, and mapping can be done using a Mac OSX laptop. Alignments are done for each chromosome sequentially to reduce the demand for memory, which is not an issue if the mapping is done on a Unix server. A typical library sequenced on MiSeq with 20 million paired-end reads can be mapped to the human genome hg19 in a few hours on a MacBook Pro (Mid 2015 model with a 2.8 GHz Intel Core i7 and 16 GB memory). We also include other reference sequences during the alignment, for example the HIV genome. Including HIV sequences helps us identify the internal viral sequences that arise from priming on the other LTR, sequences that arise from autointegration, or other mechanisms that join the LTRs to internal HIV sequences. Other tools, such as Bowtie2, can also be used in the alignment step.
Post-alignment filtering and removal of artifacts
In the BLAT alignment results, each unique sequence is listed with all of the alignments to the reference sequences ranked by score. If the BLAT alignment is done chromosome by chromosome, the results are first combined to generate data for the whole genome and then each sequence was sorted by alignment score. We require the alignment to start within 3 bp from the trimmed read1 sequence (LTR-genomic junction) and to have a match of ≥95% identity for at least 20 nucleotides. Using a start within 3 bp tolerates minor sequence mismatches if there are differences in the DNA sequence of the patient and the reference genome. After this filtering step, some reads will have only a single alignment to the host genome. These are set aside for further analysis. Some reads still have multiple alignments to the genome. For these reads, if the difference between the best alignment score and the next best alignment score is greater than 10, the best alignment location is included for further analysis. If there are multiple alignments for a read whose alignment scores are similar, which can happen if a provirus is integrated in a repeat element, the read is considered "multimap" or "unmappable" to a unique location in the genome. There are also other reads that do not align to the genome, either because the reference genome is incomplete, or the reads are the result of some sort of artifact, or the sequence does not derive from the host genome. As described below, our bioinformatics pipeline takes another approach to find integration sites from clonally expanded cells even if the sites cannot be mapped to a unique sequence in the host genome. The same filtering criteria are used for read2 alignment at the linker-genomic junction.
After the alignments pass the filters described above, our pipeline compares the host genomic sequences at LTR-genomic DNA junctions and the linker-host breakpoint. If the read1 alignment and read2 host sequences are 1) on the same chromosome, 2) on the opposite strand, 3) within 1 kb of each other in the sequence of the host genome (the combined fragmenting and PCR steps do not produce amplified fragments longer than 1 kb), we conclude that the LTR/host junction likely represents a valid integration site. If the read1 alignment and read2 alignment are not on the same chromosome, or are too far apart, they were probably generated by ligation of fragments of host DNA, or by recombination during the PCR step. This is a common problem if restriction enzymes are used to fragment the genomic DNA before amplification, because the resulting DNA fragments have ligation compatible ends. The introduction of random DNA shearing followed by end-repair and T-dA ligation has almost completely eliminated the problems associated with the ligation of host DNA. However, recombination can occur during the PCR step. As noted above, and described in more detail in the Supplementary information, PCR recombination is a particular problem if there is a provirus integrated into a repetitive element, such as Alu [21] , which provides a large number of potential recombination sites. This artifact is the primary reason that we do not use alignments based only on read1 sequences.
Reads that pass these initial checkpoints are subjected to additional filtering. Putative integration sites are checked for fuzz. When a single DNA template is amplified and sequenced thousands of times, PCR errors and/ or sequencing errors will give rise to DNA sequences that are not an exact match for the original template. If the Illumina sequencing error rate is approximately 0.1% and the DNA is sequenced 10,000 times, there will be 10 reads that have a different base next to the LTR-junction or breakpoint-junction. Thus, there can appear to be different integration sites or breakpoints that are very close to each other even if the sequences are all derived from one bona fide integration site and breakpoint. In most cases, fuzz artifacts are easily identified because the true integration site and/or the breakpoint are present many more times than the derivative erroneous "nearby" sites or breakpoints, most (but not all) of which are within 1-3 bp. To help identify fuzz, we count and report the number of identical sequence reads in our final spreadsheets. Our bioinformatics pipeline looks for integration sites/breakpoints that are within 10 bp of one another for potential fuzz. The program takes into account the distance, the number of reads, and the UMI, to distinguish closely located sites/breakpoints that do, or do not, have an independent origin.
Integration sites and the corresponding breakpoints that have passed fuzz inspection are checked for mispriming. As is mentioned earlier and discussed at length in the Supplementary information, we have found that the viral primer can misprime on host DNA (which is present in vast excess, relative to proviruses, in patient samples), with as little as 9-nucleotide match at its 3′ end. Even though mispriming happens at a very low frequency, we sequence millions of PCR products, and 9nucleotide matches are present by chance over 10,000 times in the genome. For that reason, we often see PCR products that are potentially caused by mispriming and our pipeline flags them for manual inspection.
Annotation and report generation
Once the integration sites and breakpoints have been filtered and the artifacts removed, the pipeline adds information to the report that helps with the interpretation of the data, including which LTR junction (3'LTR or 5'LTR) was used to identify the integration site, the orientation of the provirus (plus or minus with respect to the numbering of the genome), and if the provirus is read on the plus or minus strand of the reference chromosome. The integration sites are sorted by their breakpoints and UMIs and the read numbers are counted for each integration site. This step makes it easier to identify expanded clones. These data also help us identify genes that are preferred sites for integration and genes in which integrated proviruses can contribute to clonal expansion. Selection for proviruses integrated in (or near) a specific gene can be inferred by comparing the fraction of the proviruses that are integrated in the gene in a library from a patient, or patients, to the fraction of the proviruses integrated in the same gene in cultured cells analyzed shortly after they were infected.
Re-analyzing unmappable reads
Thus far, we have focused on integration sites that can be mapped to unique locations in the human genome. However, as was already discussed, some integration sites cannot be mapped to a unique site. One obvious example involves proviruses that are integrated in highly repetitive sequences. Our pipeline can be used to identify integration sites from clonally expanded cells even if they cannot be uniquely mapped. For this purpose, we use the UClust clustering program as a second screen for unmappable reads [26] . UClust takes the trimmed reads and sorts them from longest to shortest. The program sets the longest read as a seed, then compares all of the shorter reads to the seed. If significant identity is found for the next shorter read, it is included in the same cluster as the seed. If no significant match is found for the next shorter read, it becomes a new seed. The program continues to evaluate, in order, the shorter reads to all seeds. The program puts all valid reads into clusters regardless of whether they can be mapped to the host genome. We then sort the clusters by the number of breakpoints and map the consensus sequence of each cluster to the host genome using BLAT. If the consensus sequence can be mapped to the host genome and it has been previously identified, the cluster is confirmed as being mappable. We specifically look for clusters that cannot be mapped to unique locations. These clusters are then manually inspected. We used this approach to discover a large expanded clone, which was named "AMBI-1" for ambiguous-1, that carries an infectious provirus integrated into a sequence present more than once in the human genome. This provirus is responsible for the production of detectable viremia during suppressive ART [12, 22] .
To demonstrate how the pipeline works, sequencing data from 3 patients were processed using the bioinformatics pipeline. Supplementary Table 1 shows the summary statistics of the analysis. Only a fraction of the total reads (13-27%) comprise uniquely mapped sequences that represent integration site junctions.
Discussion
The earliest analyses of retroviral integration sites involved Southern blots [27] [28] [29] , followed by the cloning and sequencing of individual integration sites [30] [31] [32] . These studies revealed the overall structure of the provirus and showed that there was little or no sequence specificity at the site of integration. However, a largescale analysis of the distribution of proviruses in the host genome required the development of linker-mediated PCR [1, 8] which, together with the availability of the sequence of human (and other) genome(s), made it possible to determine the overall distribution of retroviral integration sites. Early studies showed that the global integration preferences for different types of retroviruses are different [33, 34] . For example, HIV prefers to integrate into the actively transcribed genes [1] and MLV prefers to integrate near transcription start sites and enhancers [7] [8] [9] . These differences in integration site preferences are due to the fact that the pre-integration complexes of the different types of retroviruses interact with different host factors, which have distinct distributions in the nucleus, and on chromatin [3, 4, 6, [35] [36] [37] [38] . Initially, the sequences of the PCR products produced by the linker-mediated PCR reactions were determined using Sanger sequencing. The number of integration sites that were recovered increased dramatically with the advent of next generation sequencing. This increase in the sensitivity of integration site analysis made it possible to expand research from cells infected in culture to cells obtained from patients, in which the fraction of infected cells is often 1000-fold less than for cells infected in culture. Because the technology is powerful, there are an increasing number of studies that use integration site analysis, both in studies of cells infected in culture, and cells taken from patients, requiring the development of specialized public databases [39] .
If an infected cell divides, an expanded clone of infected cells is produced, and all of the cells in the clone will have exactly the same integration site. Expanded clones can be identified by the presence, in a sample, of multiple DNA sequences with identical integration sites but different breakpoints. This approach has been used to show that a substantial fraction of the infected cells in patients are in large clones that derived from single infected cells. The first study which showed extensive clonal expansion of infected cells was done with samples from HTLV infected people [11] . Integration site analysis has also been used to show that clonal expansion of HIV infected cells is a major mechanism for the persistence of HIV infected cells in people on successful antiretroviral therapy [12, 13, 40] .
The combination of linker mediated PCR and next generation sequencing produce large datasets, and, unfortunately, these datasets always contain unwanted sequences that are not derived from real integration sites. If the sequencing data are not analyzed properly, artifactual integration sites can be generated which can lead to wrong conclusions. The most common artifacts include PCR recombination, cross-contamination, PCR mispriming, and fuzz. PCR recombination can arise if there is incomplete copying of a DNA fragment during the elongation step. The partial DNA product can then act as a primer, leading to recombination if the partial DNA product base pairs to a site elsewhere in the genome. Subsequent amplification leads to the synthesis of a PCR recombinant. An example of this type of artifact, reported as a real integration site by Cohn et al. [21] , is discussed in the Supplementary material ( Figure S5 ). PCR recombination can be easily detected and filtered with a proper bioinformatics analysis pipeline. Identifying recombinant fragments relies on the fact that Illumina generates paired end sequences. In a correctly amplified fragment, the host sequences next to the LTR should be on the same chromosome, on the opposite strand, and be near the host sequences on the other end of the fragment. However, a recombinant product will often have ends that map to distant parts of the host genome.
Cross contamination is a common issue for procedures that involve high levels of PCR amplification and can be a significant issue for integration site analysis. Good general laboratory practices need to be followed. First, it is important to keep the starting material clean and free from contaminating DNA, particularly DNA that contains real, but extraneous, host/virus DNA junctions. We have developed standard procedures to catalog and identify patient samples, making sure that these samples, once cataloged, are kept in a low copy laboratory, one which is not used to store large amounts of HIV DNA, particularly from cultures of infected cells. It is particularly important to always keep patient samples, and the DNA derived from patient samples, in a laboratory that is well-separated from where either PCR amplification of host/virus DNA junctions or preparation of DNA from ex vivo infections takes place (high copy lab). For this reason, we use a low copy room to prepare host DNA for amplification and ensure that humans and/or contaminated lab coats are not allowed to move from any high copy lab space to the low copy lab space. Of the possible contaminants, the ones that are the most problematic (because they can be difficult to recognize in the bioinformatic analysis) are PCR products that were generated in the amplification of integration sites from other samples. Amplified samples can contain very large numbers of real, if unwanted, integration sites. These PCR products can be very efficiently amplified if any of the amplified material is introduced into a subsequent amplification reaction. Although it is not as obvious, there can also be problems with contamination of the viral primers and T-Linkers. Cross contamination of oligonucleotides can happen if several oligonucleotides are ordered at the same time. The indexes in the LTR primers/T-linkers must be rotated so that LTR primers/ T-Linkers with unrelated indexes are used in sequential experiments. We have 48 different indexed LTR primers and T-Linkers on hand and run at least 2 experiments before reusing any index. As noted earlier, we do not use the same index for more than one sample in any run.
In addition to the contamination that can arise in the DNA preparation and amplification steps, there can be some carryover of amplified sequences between runs in an Illumina machine. In sequential runs on the same machine, this type of contamination can usually be detected if appropriate indexes were used; this is one of the reasons to switch indexes between samples. The pipeline settings allow for the use of multiple indexes. Each combination of indexes is searched and counted, allowing the user to check to see if any previously used indexes are present. We keep track of how many times we recover an amplified host/virus DNA junction sequence in all the Illumina sequencing runs, being particularly careful to check for amplified sequences that are present at low frequencies (once, or only a few times) to make sure that they were not carried over from a prior experiment.
Mispriming is a common problem in PCR. A primer can bind to sequences that are similar to the intended target sequences but are present elsewhere in the DNA in the sample. In integration site analysis, this can lead to incorrectly identifying mispriming sites as integration sites. Our reanalysis of the data in Cohn et al. [21] shows that as few as 9 bases of identity at the 3′ end of the viral-specific primer used in the first PCR step can cause mispriming. Frequently, mispriming sites are identified as integration sites in clonally expanded cells and are sometimes reported to be present at identical locations in samples from different patients [21] . Mispriming can be considerably reduced by careful primer design and by the use of nested PCR but cannot be completely eliminated. However, mispriming artifacts can be recognized through proper bioinformatic analysis. First, in the analytic pipeline, valid integration sites are those in which the sequence between the 3′ end of the nested LTR primer and the adjacent host sequence exactly matches the end of the HIV genome. Thus, the 3′ end of the nested viral primer should be far enough (at least 5 bp) from the end of the HIV provirus to allow a valid identification of the end of the HIV genome, making it possible to distinguish real integration sites from mispriming artifacts. Our pipeline flags any putative integration sites with nearby sequences matching >six of the ten 3′-most nucleotides of the LTR-specific primer for further inspection. Second, our analytic pipeline compares integration sites from multiple samples. Any exact matches to sites found in unrelated samples are likely to be derived from mispriming or cross-contamination.
There is also the problem we call fuzz. When a single piece of DNA is amplified and sequenced thousands of times, some errors will be introduced. These errors usually cause only minor problems in patient samples because the numbers of integration sites are relatively low, and sites within a few nucleotides of each other are rare, making it relatively easy to recognize integration site fuzz. More serious problems arise when breakpoints in the host genome are used to estimate the size of a clone based on the number of times a given integration site was recovered. In most cases, fuzz at a breakpoint arises when a highly amplified DNA fragment is sequenced many thousands of times, giving rise to a much smaller number of related sequences with slightly different breakpoints. If these secondary sequences are treated as real breakpoints it can lead to the misidentification of an integration site that was present only once in a sample as a clone. As was discussed earlier, keeping track of the number of times a fragment with a particular breakpoint has been sequenced, and the use of UMIs, makes it possible, in most cases, to determine if two closely related integration sites (or host breakpoints) derive from the same, or different, starting DNA templates.
There are some sequence reads that can be mapped to the genomes of species other than human. This could come from DNA contamination of the sample, or from sequencing-platform specific artifacts. For example, if unfiltered raw sequence reads are mapped to the Gen-Bank all nucleotide collection using the Blast program, a large number of reads will map to the Cyprinus carpio (carp) genome. This happens if the Illumina sequencing adaptor sequences are not completely removed from the sequences. The carp genome assembly has a large number of Illumina adaptor sequences in it, and Blast maps the untrimmed Illumina adaptor sequences to the carp genome. We normally only map the sequence reads to the specific genome that was used in the study. Although most of our work involves HIV and the human genome, the experimental procedures and bioinformatics pipeline we describe here works for any retrovirus/host pair such as MLV in the human genome [7] , HIV in the mouse genome [35, 41] , or HIV or SIV in the macaque genome [42] , with proper viral specific primers.
Even with all precautions we take, the confidence levels differ for different integration sites. If both the 3'LTR junction and 5'LTR junction of a provirus are identified, and they are 5 bp apart (the size of the target site duplication in the host genome that is created by the integration of HIV DNA), and in the opposite orientation relative to the host genome, we can be very confident that it is a real integration site. A highly expanded clone of infected cells will lead to the recovery of the same integration site many times, and the same integration site will be associated with multiple breakpoints in the appended host DNA. UMIs can be used to increase the confidence, when the breakpoints are close, that the PCR products originated from independent DNA templates. There is a potential problem if an integration site is only seen once, with a single breakpoint. If a DNA fragment that carries a particular integration site is rare (present only once or a few times in an Illumina dataset), it could be the result of contamination, and it is important not only to be very careful with the interpretation of the data, but, as has already been discussed, to design the workspace and amplification procedures to reduce contamination artifacts to a minimum. There are other published methods that give good advice for avoiding or reducing PCR/sequencing artifacts associated with the retroviral integration site analysis [43, 44] .
Although some of the published protocols for retroviral integration site analysis use the LM-PCR approach, none of the available protocols was designed to accurately identify rare integration sites in samples from HIV infected individuals on therapy. For example, there are two published protocols for retroviral integration site analysis that were designed primarily for use with samples obtained from gene therapy patients [43, 45] . Although both protocols are similar ours, there are, in both cases, important differences. The clones that are of interest for gene therapy studies are normally both large and abundant. Neither of these protocols involves the isolation of both 5LTR/3LTR host/virus junctions. Unlike the proviruses of the lentiviral or MLV-based vectors that are used in the gene therapy, all which ordinarily have identical LTRs, the proviruses in samples from most HIV infected patients who are on long term therapy often have mutations in the LTRs. Our protocol increases the sensitivity of detection of integration sites from HIV infected patient samples by screening for both host/virus junctions, which is particularly important in samples where there are mutations in the LTRs. In addition, as we also have pointed out, the isolation of both host/virus junctions provides strong support that the integration site is real.
The protocol of Sherman et al. [43] includes a blocking LNA that is intended to prevent the amplification of sequences from the internal portions of the provirus. While that is probably helpful in a procedure that is intended to isolate large number of integration sites from gene therapy patients, as has already been discussed, allowing the amplification of the internal HIV sequences from patient samples can provide useful information. Importantly, in the kinds of samples we usually analyze, in which there are relatively few integration sites, the amplification of the internal fragments does not limit the recovery of the integration sites. There are other published methods that have been used for integration site analysis for HIV patient samples [13, 21] . Cohn et al. [21] described a protocol based on a modified translocation-capture sequencing method [46] . Even though, in principal, this method is similar to ours, because it is based on LM-PCR, and used similar bioinformatics tools such as BLAT and Bowtie for mapping, their implementation yielded significantly different results. As discussed in more detail in the supplementary material, we have re-analyzed their data and have identified several different types of artifacts that commonly arise when samples contain a small number of real integration sites are analyzed. We have designed the wet bench methods to minimize those problems and have also built into the analytical pipeline tools that will recognize, and can be used to remove, the residual errors that do arise.
In the analysis of our integration site data, we make considerable use of an integration site database https:// rid.ncifcrf.gov/index.php that allows us to compare any new data we generate to all previously identified integration sites. This database can be used to help us check for artifacts and facilitates the comparison of the integration site data obtained in multiple studies.
Conclusions
Combining linker-mediated PCR with next generation sequencing has revolutionized the analysis of retroviral integration sites and made it possible to ask and answer important questions about the behavior of infected cells in vivo. However, there are potential problems and pitfalls, particularly when the technology is used with samples in which the integration sites are rare, for example in samples from HIV infected people. We optimized the amplification protocol and bioinformatics pipeline, focusing on improving the sensitivity of amplifying and detecting bona fide integration sites. Our methods and bioinformatic analysis allow the user to distinguish valid integration sites from sequences that arise from the commonly encountered artifacts. Taking a combined approach makes it possible to obtain reliable integration site data, which can be used to answer many important questions, including, but not limited to, questions related to HIV persistence.
Methods
An overview of the linker-mediated PCR, Illumina sequencing, and the bioinformatics pipeline is given in the Results. A complete step-by-step protocol describing the amplification and sequencing protocols is described here. Our experimental approach to identifying and quantifying HIV integration sites is based on linkermediated amplification of sheared DNA from HTLV and HIV-infected cells [11, 12] , modified to minimize artifacts due to mispriming, PCR recombination, crosscontamination, etc. General considerations are discussed in the main text.
T-linker-UMI and primer design
Example sequences and the design of the primers and linkers used are shown in Figs. 1 and 3 . The sequences of all oligonucleotides used are given in Fig. 2 .
1) T-Linker-UMI
The two strands are synthesized separately. The UMI portion of the linker is shown as Ns in Fig. 2 . The UMI is synthesized using a mixture of equal amounts of dA, T, dC and dG at each position to create diverse sequences ( Figs. 2 and 3 ).
2) First (outside) LTR primers
The first PCR reaction is initiated using primers designed to match sequences near the ends of each LTR. Because the number of proviruses in patient samples is low, 1 μg of DNA is (usually) used in the amplification reactions, and the reactions are run in triplicate.
3) Nested PCR primers
Nested PCR is used to increase the yield of LTR/ host junction products relative to the large amounts of input genomic DNA. Nested PCR primers prime inside of (3′ of) the first PCR primers to increase both the yield and specificity of the amplification (Fig. 3) . Illumina adaptors and the sequencing indexes are added during the nested PCR step. Nested primers for the LTR include an Illumina P5 grafting sequence, an 8 nucleotide i5 index, an Illumina PE1 SP sequence, an 8 nucleotide inline barcode, and 23-25 nucleotide LTR specific sequence (Fig. 2) . Nested primers for the linker end are composed of an Illumina P7 grafting sequence, an 8 nucleotide i7 index and Illumina PE2 SP sequence (Fig. 2) . The i5 and i7 indexes are used by the sequencer for initial sorting during fastq file generation and inline barcodes are used for secondary sorting during the de-barcoding step in our pipeline.
DNA fragmentation, end repair, and linker ligation
We use the NEB Next Ultra II FS DNA Library Prep Kit for Illumina (New England Biolabs, Cat No. E7805S) for this step. ΔCRITICAL STEP: If the longer strand of the linker is not removed, it can act as a primer in the PCR reaction. When that happens, it will produce a second amplicon, with the same integration site, and the same breakpoint, but a different UMI. This problem explains why using only UMIs does not provide an accurate measure of whether two DNA fragments have an independent origin, and why using breakpoints and UMIs together gives the most accurate measure of clonal amplification.
DNA library preparation
Cross contamination is a major concern for all next generation sequencing and is a particular problem in experiments in which the goal is to amplify something rare, like a proviral junction in a patient sample. With HIV integration sites, the sequence of the amplicon gives no information about which patient was the source. It is critically important to physically separate the lab into distinct areas in which low copy (pre-PCR) and high copy (post-PCR) samples are processed. The amplification and subsequent sequencing should be done in a high copy area with good practices that prevent unwanted contamination. As described in the text, is important to rotate the barcodes in a way that makes it possible to detect any cross-contamination that does occur.
9) First PCR
This step selectively amplifies the host-virus integration junctions using one primer that matches the LTR sequence and a second primer that matches the single stranded portion of the linker (see Figs. 2  and 3) . Each library will be split into 3 reactions. a) Combine the following components in a sterile nuclease-free tube, mix and place the tube on ice. Both the 3'LTR and 5'LTR primers are used in the same reaction, thereby increasing the sensitivity of detection of the integration sites and, when both junctions are identified, providing strong evidence that the integration site is real. ΔCRITICAL STEP: Be aware that the amount of the sample library used in each MiSeq run will affect the depth of sequencing and quality of the reads. If necessary, verify the concentration of the sample library by multiple methods and avoid loading too much of the sample on the MiSeq. b) Combine 10 μl of the sample library and 10 μl 0.2 N NaOH in a sterile nuclease-free tube. c) Vortex the mixture for 5 s and centrifuge at 280×g for 1 min. d) Incubate the mixture at room temperature for 5 min. e) Add 980 μl HT1 to the mixture and place it on ice. 18) PhiX library denaturation and dilution to 20 pM PhiX Control v3 (Illumina, cat. FC-110-3001) is used in this step. Once prepared, the PhiX library from this step can be stored at − 20°C for 3 weeks. a) Combine the following components in a sterile nuclease-free tube. b) Vortex the mixture for 5 s and centrifuge at 280×g for 1 min. c) Incubate the mixture at room temperature for 5 min. d) Add 990 μl HT1 to the mixture and place it on ice.
19) Combine sample library and PhiX library in a sterile
nuclease-free tube as described below. with ethanol pads and lens paper until no trace of liquid is observed on the chip. d) Load the chip, cartridge and buffer bottle into the MiSeq system according to the manufacturer's instructions. e) Start the run and expect it to finish in 24 h. 6, 11, 22] , and 10,000 randomly chosen hg19 sequences and 10,000 Alu sequences were searched for common motifs using MEME [23] . The top hit in each case was aligned to the "integration site motif" of [1] (see text). The arrow above the sequence marks the site reported to be the preferred integration site [which is one nucleotide away from the site found at this site in the raw reads from patient 3, time point 3 ( Figure  S3 ). Figure S5 . Sequence motifs adjacent to the integration site in various datasets. The patterns of preferred nucleotides in the host DNA immediately adjacent to the integration sites in patients reported by Maldarelli et al. [6] and Cohn et al. [1] were compared to data from cells infected in vitro (a PBMC dataset and a HeLa dataset). The sequence motifs were determined as previously described [8] . In the in vitro datasets, the target site nucleotides form a weak palindrome that matches what has been previously determined for HIV-1 using much smaller datasets [7, 8] . The preferred nucleotides in the Maldarelli dataset also match this motif. However, while the data of Cohn et al. shows some evidence of the palindrome; the sequence is weak and is not entirely symmetrical. The sequence from the Patient 3.3 sample (third time point) is obviously quite different from all the other data. Figure S6 . Matching the Alu "integration sites" reported for the Patient 3.3 sample to the Alu consensus. The Alu consensus sequence is shown at the bottom. The quality of the match to the consensus is shown is the graph. The break in the match suggests the point in the sequence at which recombination frequently occurred.
Abbreviations ART: Anti-retroviral therapy; BLAT: BLAST-like alignment tool; ddPCR: Digital droplet PCR; HIV: Human immunodeficiency virus; LM-PCR: Linker-mediated PCR; MLV: Murine leukemia virus; UMI: Unique molecular identifier
